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Abstract 
Kicking performance in soccer is a major skill that can strongly influence the success of a team. A low-cost sensing 
platform was designed and developed to visualize the forces between a ball and smart sensing system. The 
instrumentation, consisting of piezoresistive material used as a novel pressure array and a programmable 
microcontroller, measures the magnitude of the kick force and centre of pressure (COP) with respect to a soccer 
boot coordinate system. The movement of the COP and the force vector diagram of curve kicks, colour-coded with 
progressing time, were displayed on a 4D model of a soccer boot in AutoCAD. The current study is a pilot to 
determine foot to ball impact characteristics which will ultimately be used for enhancement performance of kick 
accuracy in soccer. 
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1. Introduction 
Kicking performance in soccer is a main skill for team success [1] and involves different types of kicking styles 
used for different purposes during a game. The instep kick, for instance, is the most powerful kick in soccer [2] and 
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the curve kick, studied here, focuses on the generation of spin to the ball in free-kicking and other high-strategy 
maneuvering during a game. Although the aerodynamics and biomechanics of kicking have been previously 
reviewed and investigated [1, 2, 3, 4], advanced parameters on the outer foot such as the movement of centre of 
pressure (COP) and kick force location with respect to time, have often been overlooked. Advanced parameter 
measurements during kicking give important additional information that can contribute to improved skill and athlete 
performance. Measurement of such parameters can be challenging due to a short impact time between the foot and 
ball of less than 10 ms of the maximal instep kick in soccer [1]. Earlier studies investigating kicking used high speed 
imaging technology [1], motion analysis systems [3] and radar guns [5]. Hennig tested the differences between 
barefoot and shod kicking by placing a Pedar force sensory system (Novel Inc.) between the foot and the ball for 
mapping the force distribution [6]. Asai used computer simulation methods to review the fundamental 
characteristics of a curve ball kick through the foot to ball impact phase using high speed cameras [4]. Pressure 
sensors have only rarely been used to measure advanced parameters during the foot to ball impact phase of a soccer 
kick. Pressure sensors, commonly used in other sports applications, are usually based on piezoresistive materials 
(electrically conductive materials) that reduce their electrical resistance with increased pressure.  
This paper presents a unique design of a novel, low cost, multi-node pressure-sensing platform for a smart soccer 
sensor array system. The sensing platform is made of a piezoresistive material with a unique electronic design used 
in instrumented soccer footwear for measuring advanced parameters with 4D vector diagram biofeedback of the 
















Fig. 1. Design evolution of the smart soccer instrumentation system used in this research; a: earliest sensing array system; b: soccer 
instrumentation electronics design; c: full system array with 16 nodes/cells; d: orientation of the sensor coordinates systems under the shoe; 
microcontroller placement at the shank. 
 
2. Methods   
2.1 Sensor development 
The main idea behind the development was to design a sensory system to measure pressure distribution between 
the foot and ball and to calculate advanced parameters such as force magnitude and location, COP, and specifically 
the movement of the COP during the short foot to ball impact phase. The first structure (Fig. 1a) included numeric 
visualization feedback to display the location (cell orientation) and magnitude of pressure (volts) applied to the 
surface. The sensing area was made from piezoresistive (conductive) polymer material (Rmat1, RMIT material 
code) and was constructed from 16 sensors (14x14 mm per cell size; 56x56 mm overall size). The required sensor 
surface area for the soccer footwear application was then determined and the prototype (Fig. 1b; Fig. 1c) was 
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manufactured of 16 cells (20x20 mm per cell size; 83x83 mm overall size) and was later inserted into a soccer boot 
for testing the kicking action. The orientation of the sensor coordinate systems is shown in Figure. 1d. The Cartesian 
coordinate system of the instrumented footwear is: x-axis pointing from the centre to the right side of the right foot 
and y-axis from the centre of the foot to the toes (Fig. 1d). Therefore, when pressure is applied onto the sensing grid, 
the electric resistance of the nodes declines and data are recorded for further analysis of the pressure magnitude, 
location and movement of COP during impact.  
2.2 System design 
In order to accomplish the smallest dimensioning and weight boundary conditions of the sensory system, and to 
achieve best portability conditions, a minimum size (35 x 18 mm) and weight (5 g) of a powerful, low cost 
microcontroller board was chosen (TEENSY 3.1, 32 bit ARM Cortex-M4 72 MHz CPU, PJRC, Oregon, USA). In 
addition, a similar-sized electronic printed circuit board carrying all extra electronics components was selected and 
mounted on top of the microcontroller (Fig. 1b). Fig. 1b also shows 16 piezoresistive cells in a grid formation 
connected through front and rear flexible aluminum electrodes to the microcontroller. The basic operating electronic 
design principle is that the programmable chip generates a 3.3/ 0V electrical signal through the top electrodes and 
reads data through the rear electrodes. The Arduino platform (Arduino v1.0.6 IDE, Teensyduino 1.22) was used to 
program the microcontroller to read and generate electrical signals to and from each node (via C language). During 
the electronic design of the sensing platform, a small gap of 1 mm was left between each cell to prevent electric 
neighboring cross talk noise that can be caused from bending of the material or physical connections of the nodes. It 
should be noted that due to system limitations each cell is read individually, in sequence, and cells cannot be read in 
parallel. Therefore, the main code is designed to read signals in this way with delay intervals of 50 μs between each 
node to assure the system’s electrical stability. The conductive material was calibrated for impact forces and a 
pressure-conductivity master curve was established (Weizman and Fuss, unpublished data).  
2.3 Experiment   
The sensing grid was mounted on the instep of the foot (the top bridge of the foot where the foot hits the ball 
during a curve kick) under the soccer boot (Fig. 1d) and connected via an extension USB cable to a laptop. The 
prime kicking tests were executed in different force ranges (500-1500 N) and all data were collected at 2000-2500 
Hz by the microcontroller. Kick forces and COP were calculated from the raw data of the smart soccer sensory 
system and the calibration curve. The data sets were fit with a 5th–order polynomial function. The minimum order of 
the polynomial was determined from the number of boundary conditions of the COP movement in the x- and y-
direction, and the optimal order from the best fit (r2 value) of the trend, Was determined with a running average 
filter with a window width of 5 data. The polynomial function was used for calculating a continuous data set for the 
4D force vector diagram, displayed at a simulated frequency of 400 kHz.  Two curve kicks were analyzed and 
processed for 4D visualization. 
2.4 Visualization 
The boot and the colour-coded 4D force vector diagram were visualized in AutoCAD. The colour-coding refers 
to the time scale and covers the rainbow-spectrum from red to orange, yellow, green, cyan and blue to magenta. This 
type of colour-coded 4D vector diagram has been used by Fuss for various purposes, such as helical axis surfaces of 
joint motion [7], force vector diagrams in smart rock climbing holds [8], force and moment vector diagrams in smart 
10-pin bowling balls [9], and angular velocity and torque vector diagrams in smart cricket balls [10]. The advantage 
of force vector diagrams is that several parameters can be seen, assessed and understood at the same time, such as 
normal force, friction force and movement of the COP in a 3D diagram. By color-coding the vector diagram another 
parameter is added, the time, which makes the diagram 4D. 
 
The force vector diagrams are displayed such that the directions of the forces acting on the ball and the COP 
location on the boot are both projected onto the boot. This is in accordance with vector diagrams of climbing forces, 
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which show the forces acting on the hand projected onto the handhold and the COP locations on its surface [8]. Each 
force vector originates from its COP. The start and end points of each vector constitute of a 3DPOLY (line) in 
AutoCAD. The row number of each vector is converted to an AutoCAD colour in MS Excel with the equation 
CEILING(ROW()*24/L,1)*10   (1) 
where L is the last row number of the data array (and the first row number = 1). The Excel data are converted to a 
script file in MS Word (.scr) and the file is uploaded in AutoCAD, and added to a virtual soccer boot model. 
3. Results 
The movement of the COP showed a consistent path of the curve in both kicks (Fig. 2), moving backward first, 
and reversing its direction at the peak force. Surprisingly, the COP moves only within 0.01 m. The force vector 
diagrams are shown in figure. 3. The COP is located on the inner side of the instep, the typical contact area of curve 
kicks. 
 
Fig. 2. Path curve of the centre of pressure (COPx against COPy; the size of the bubbles correspond to the magnitude of the force; kick 1 in 
red, and kick 2 in green). 
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Fig. 3. 4D vector diagram of the kick force displayed on a virtual model of a soccer boot (the rainbow-coloured insert refers to the time scale). 
 
4. Discussion and conclusion 
In spite of the low costs of the sensing material, the smart soccer boot delivers highly accurate and repeatable 
data. The smart soccer boot is useful for counting the number of kicks, assessing the magnitude of the kick force, 
displaying the COP on the boot and correlating the COP and force to the kicking accuracy. Therefore, it is believed 
that the system can be used commercially in the future in combination with an audible/ tactile / visual biofeedback 
system and smart phone application to reflect and enhance kicking performance in athletes. The results presented in 
this study are based on two curve kicks only. These results assist to illustrate the movement of the COP during the 
short impact phase between the foot and the ball. Further experiments are underway to establish additional 
understanding of different kicking styles and will be reported in subsequent publications. 
In conclusion, important soccer kicking parameters such as kicking force magnitude, and location and movement of 
the COP can be measured and displayed using the novel low-cost sensing platform that was designed and developed 
at RMIT to improve kicking performance. 
 
References 
[1] Lees A., Asai T., Andersen T., Nunome H., Sterzing T. The biomechanics of kicking in soccer: A review. Journal of Sports Sciences. 
2010;28(8):805-817. 
[2] Finnoff J., Newcomer K., Laskowski E. A valid and reliable method for measuring the kicking accuracy of soccer players. Journal of Science 
and Medicine in Sport. 2002;5(4):348-353. 
[3] Sakamoto K, Asai T. Comparison of Kicking Motion Characteristics at Ball Impact between Female and Male Soccer Players. International 
Journal of Sports Science and Coaching. 2013;8(1):63-76. 
[4]  Asai T., Carre M., Akatsuka T., Haake S. The curve kick of a football I: impact with the foot. Sports Engineering. 2002;5(4):183-192. 
[5] Van den Tillaar R., Ulvik A. Influence of Instruction on Velocity and Accuracy in Soccer Kicking of Experienced Soccer Players. Journal of 
Motor Behavior. 2014;46(5):287-291. 
[6]  Hennig EM. The influence of soccer shoe design on player performance and injuries. Research in Sports Medicine. 2011; 19(3):186-201. 
[7] Weissengruber GE., Fuss FK., Egger G., Stanek G., Hittmair KM., Forstenpointner G. The elephant knee joint: morphological and 
biomechanical considerations. J Anatomy 2006; 208:59-72. 
143 Yehuda Weizman and Franz Konstantin Fuss /  Procedia Technology  20 ( 2015 )  138 – 143 
[8] Fuss FK., Niegl G. Instrumented Climbing Holds and Performance Analysis in Sport Climbing. Sports Technology 2008; 1(6):301-313 
[9] Fuss FK. Design of an Instrumented Bowling Ball and its Application to Performance Analysis in Tenpin Bowling. Sports Technology 2009; 
2(3-4):97-110. 
[10] Fuss FK., Lythgo N., Smith RM., Benson AC., Gordon B. Identification of key performance parameters during off-spin bowling with a    
smart cricket ball. Sports Technology 2011; 4(3–4): 159–163. 
